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Abstract—In this paper, we consider a heterogenous network
(HetNet), where low-power indoor femtocells are deployed in the
coverage area of the existing macro base station (MBS). This
paper proposes a novel coordinated random beamforming and user
scheduling strategy to improve the throughput of users served by
the femtocell access point (FAP) while satisfying the quality-of-
service (QoS) requirements of users served by both MBS and FAP.
The strategy, termed as QoS-Aware Coodinated Scheduling (QACS),
requires limited coordination between the MBS and FAP, i.e., only
the indexes of the qualified beams are shared. Exact statistical
analysis for the ergodic achievable rate of both FAP and MBS
with the proposed strategy are presented. Scheduling fairness is
also addressed for the proposed QACS.
I. INTRODUCTION
In order to meet the unprecedented demands for higher data
rates in wireless networks, the concept of heterogeneous network
(HetNet) has been proposed for the next generation wireless
systems [1]. HetNet is able to increase network throughput by
deploying smaller cells within the coverage of existing macro
cellular base station (BS). One of the successful sample ap-
plication scenarios is macro-femto HetNet, which has drawn
tremendous attentions from academia, industry, and business, and
has already been included in the LTE-advanced standardization
process [2]–[4]. A femtocell access point (FAP) is a low-power,
low-cost wireless access point that typically operates indoor
over a licensed spectrum to provide short-range and high-speed
service. These FAPs are connected to the core service network
via residential Digital Subscriber Line (DSL) or broadband cables
as their backhaul channel [4]. The development of femtocell has
alleviated the poor indoor coverage of the conventional macro BS
(MBS). This is of great significance as it has been shown that
over 60% of cellular voice calls and over 90% of cellular data
services are requested by indoor subscribers [5].
The main challenge of the macro-femto HetNet lies in the
cross-tier interference management, required by the spectrum
sharing in the HetNet [6]. Cross-tier interference can seriously
limit the throughput gain in both macrocell and femtocell, and
thus, it is essential to develop effective interference mitigation
and/or cancelation techniques for such two-tier networks [5], [7],
[8]. On the other hand, multiple-input multiple-output (MIMO)
techniques can provide order-of-magnitude improvements of the
spectral efficiency of wireless systems, and thus has already
widely been adopted in current commercial systems [9]. There-
fore, one possible approach to solve the interference management
problem in the literature is referred to as coordinated multiple
point (CoMP) transmission with joint precoding/transmission
[10], [11]. Although the concept of CoMP is able to improve
cell coverage as well as the overall system throughput, it usually
requires a large amount of overhead signaling, which limits
their applicability in real-world systems. Note that the wired
connections between BSs, usually through the mobile switching
center, are already fully loaded with the increasing amount of
multimedia data traffic.
Coordinated scheduling and beamforming techniques represent
more practical solutions for interference mitigation in HetNets or
even a general multi-cell network [12]–[15], as they require no
data and limited CSI sharing. The good/bad precoding matrix
index (PMI) reporting algorithm proposed for LTE-advanced is
the best example of this category [16], [17], where only the
preferred or the restricted PMI needs to be exchanged between
MBSs. Similar methods have been considered in the macro-femto
setup in e.g. [5], [7], [8]. In particular, [7] and [8] proposed
coordinated scheduling and beamforming schemes, where only
limited information are shared between the MBS and the FAP, in
order to alleviate the burden of backhaul connections. However,
neither of them takes into account the qualify-of-service (QoS)
requirements of both macrocell and femtocell users. This becomes
more important when wireless systems evolve towards the fifth
generation (5G) [18], which should efficiently support various
levels of QoS requirements from diverse types of wireless appli-
cations and services. A family of cross-tier interference mitigation
approaches has been developed in [5] based on MIMO precoding,
in which, the QoS requirements of macrocell/femtocell users are
considered, but with the absence of multiuser scheduling. All
results presented in [8] are obtained from Monte-Carlo simula-
tions, while in this work, we perform exact statistical analysis to
acquire analytical results for the ergodic rate achieved by both
FAP and MBS. We can then investigate the relationship between
system performance and various parameters based on such results.
Moreover, statistical analysis upon QoS-aware scheduing are
rarely investigated due to its higher complexity, compared with
conventional coordinated beamforming reported in [5] and [7].
In this paper, we propose and analytically evaluate the per-
formance of a low-complexity coordinated beamforming and
scheduling scheme for a macro-femto HetNet based on random
unitary beamforming transmission [19], named as QoS-Aware
Coordinated Scheduling (QACS). The proposed QACS manages
to suppress the interference from macrocell to femtocell while
the QoS requirements of both macrocell and femtocell users are
guaranteed. In particular, a subset of beams are allowed to be
adopted at the macrocell based upon the amount of interference
that they generate to the selected user in femtocell. QACS
involves limited overhead signaling between MBS and FAP, as
only several indexes of beams need to be shared. Moreover,
unlike the work in [7], where the user near MBS/FAP always
has the priority to be selected in order to improve the over-
all system throughput, we consider the fairness in scheduling
among all users in the macrocell/femtocell. Unlike simulation
based investigation in previous work, e.g., [8], we address the
exact throughput analysis of the resulting coordinated two-tier
network under the proposed QACS. In particular, we offer exact
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Fig. 1. System model.
expressions for the ergodic throughput when the MBS/FAP is
serving one selected user in its own coverage. Based on the
expressions, we then can study the relation between throughput
and various system parameters including the number of transmit
antennas, the number of users, the feedback load, and the QoS
requirements. The proposed scheme and the associated analytical
results will provide important design guidelines for future cellular
systems.
II. SYSTEM AND CHANNEL MODELS
In this section, we introduce the system and channel models for
the considered two-tier heterogenous MIMO system, as depicted
in Fig. 1. For convenience, the notations used in this paper are
defined in Table I.
A. Two-Tier Heterogenous MIMO System Model
The system under consideration consists one NF -antenna FAP
and one NM -antenna MBS with overlapping coverage 1. They
work on the same radio spectrum to serve their respective
scheduled mobile terminals (MTs). Each MT is equipped with
a single-antenna due to size, cost, or complexity constraints,
and there are KF femto-MTs and KM macro-MTs. The FAP is
connected to its associated MBS via optical fiber backhaul links.
The channel is assumed to be time invariant during one frame
transmission, but time varying from one frame to another.
B. Channel Models
Both the MBS and the FAP employ a codebook-based random
unitary beamforming strategy to serve one selected user in their
respective coverage area in each frame, in order to reduce the
multiuser interference. In particular, the femtocell codebook has
NF ortho-normal beams {wi}NFi=1 ∈ CNF×1, while the macrocell
codebook has NM ortho-normal beams {fj}NMj=1 ∈ CNM×1,
all randomly generated from isotropic distributions [19]. The
MBS/FAP then selects one of the beams from the codebook
(as per the rules to be detailed below) to serve a selected user.
Suppose both the beam and user are selected, the received symbol
at the selected femto-MT, yF and that at the selected macro-MT,
yM are obtained as
yF =
√
PFβF,k∗h
H
F,k∗wi∗sF,k∗+
√
PMβM,k∗h
H
M,k∗fj∗sM,k∗+nF
(1a)
1When deployed in practice, usually a number of femtocells are equipped in the
coverage of one macrocell. Owing to the lower-power FAP and indoor operating
environment, however, the selected macro-MT is only affected by its closest FAP,
and the selected femto-MT is only affected by the MBS. Hence, our model,
although simple, is of practical interests.
and
yM =
√
PMαM,k∗g
H
M,k∗fj∗sM,k∗+
√
PFαF,k∗g
H
F,k∗wi∗sF,k∗+nM ,
(1b)
respectively, where sF,k∗ and sM,k∗ are the data symbols intended
for the selected femto-MT and macro-MT. wi∗ and fj∗ are
the corresponding beams for femtocell and macrocell. Besides,
βF,k∗(hF,k∗) and βM,k∗(hM,k∗) are the path-loss (small-scale
fading component) from the FAP and MBS to the selected femto-
MT with index k∗, while αF,k∗(gF,k∗) and αM,k∗(gM,k∗) are
the path-loss (small-scale fading component) from the FAP and
MBS to the selected macro-MT with index k∗. The entries of all
small-scale fading components are modeled as independent and
identically distributed (i.i.d.) complex Gaussian random variables
with zero mean and unit variance. Still in (1), PF and PM
denote the transmit power for FAP and MBS, respectively, and
nF and nM are additive Gaussian noise with variance σ2F and
σ2M , respectively.
III. LOW-COMPLEXITY QOS-AWARE COORDINATED
SCHEDULING (QACS)
In this section, we present the mode of operations of the
proposed coordinated scheduling strategy, namely QoS-Aware
Coordinated Scheduling (QACS) for a typical HetNet with one
MBS and one FAP. The QACS mitigates the cross-tier interfer-
ence through sequential beamforming design and user selection
with limited information exchange between the FAP and the
MBS. In particular, the FAP needs only to share the index of those
qualified beams that the MBS can use. The detailed operation of
the QACS (depicted in Fig. 2) is summarized as follows.
a) The considered FAP starts its MT and beam selection by
transmitting pilots on all NF beams to femto-MTs in its coverage.
All femto-MTs then estimate their received normalized signal to
noise ratio (NSNR) on different beams, which is proportional to
|hHF,kwi|
2, 1 ≤ k ≤ KF , 1 ≤ i ≤ NF , and then feedbacks the
maximum NSNR on all beams together with the index of the
beam that achieves the maximum NSNR.
b) The FAP selects the MT achieving the largest NSNR
among all femto-MTs, i.e., femto-MT k∗, where {i∗, k∗} =
argmaxi,k |h
H
F,kwi|
2
, and adopts the corresponding beam wi∗
for transmission. We note that long-term fairness is guaranteed
among all femto-MTs, as the MT selection policy depends only
on the normalized channel statistics.
c) Femto-MT k∗ then estimates the channel from the interfering
MBS, denoted by hM,k [20]. Based on the estimation of hM,k as
well as the knowledge of MBS’s codebook (which is predefined),
femto-MT k∗ is able to determine those MBS beams that lead to
acceptable received signal to interference-plus-noise ratio (SINR).
Without loss of generality, we suppose there are NQ ≤ NF
qualified beams from MBS’s codebook, such that
γ˜F,k∗ =
PFβF,k∗ |h
H
F,k∗wi∗ |
2
PMβM,k∗ |hHM,k∗fj |
2 + σ2F
≥ ΓF , (2)
for 1 ≤ j ≤ NQ. The indexes of these qualifying beams will also
be fedback to the FAP, which are then sequentially forwarded to
the MBS via the backhaul, based upon the value of the resulting
γ˜F,k∗ .
d) The MBS then begins its MT and beam selection, by
transmitting pilots on those qualified beams to macro-MTs. Each
macro-MT then determines its instantaneous received SINR on
3TABLE I
SUMMARY OF MOST IMPORTANT VARIABLES USED IN THIS PAPER.
Symbols Description
NF (NM ), KF (KM ) Number of FAP (MBS) antennas, number of femto-MTs (macro-MTs)
γF (γM ) Received SINR of the selected femto-MT (macro-MT)
ΓF (ΓM ) SINR requirement of the selected femto-MT (macro-MT)
NQ Number of qualified beams in MBS’s codebook such that γF ≥ ΓF
KQ Number of qualified macro-MTs such that γM ≥ ΓM
NB Number of best beams requested by qualified macro-MTs
PF (PM ) Transmit power for FAP (MBS)
βF,k(βM,k), αF,k(αM,k) Path-loss from FAP (MBS) to femto-MT k, from FAP (MBS) to macro-MT
hF,k(hM,k), gF,k(gM,k) Small-scale fading component from FAP (MBS) to femto-MT k, from FAP (MBS) to macro-MT k
wi(fj), σ
2
F (σ
2
M ) Beam i (j) for FAP (MBS),Gaussian noise at femto-MT (macro-MT)
λF (µF ), λM,k(µM,k) λF =
PMβM,k∗
PF βF,k∗
(
µF =
σ2F
PF βF,k∗
)
, λM,k =
PMαF,k
PMβM,k
(
µM,k =
σ2M
PMαM,k
)
FAP operation Femto-MT operation MBS operation Macro-MT operation
Broadcast pilots on NF beams
Estimate NSNR on NF beams, and
feedback the index of the best beam and
the corresponding NSNR
Select the femto-MT experiencing the largest
NSNR and adopt the corresponding beam
(Sel. femto-MT) Estimate interfering MBS’ 
channel, and determine KQ that satisfy ΓF
Broadcast pilots on beams eligible
Estimate SINR and feedback the index of
best beam, if satisfying ΓM
Select the requested beam that results in
the smallest interference to femto-MT. If
more than one macro-MTs request that
beam, randomly select one MT
Start serving sel. femto-MT Start serving sel. macro-MT
Fig. 2. Mode of operations of QACS.
each available beam. In particular, the SINR of macro-MT k on
beam j is obtained as
γM,k,j =
PMαM,k|g
H
M,kfj |
2
PFαF,k|gHF,kwi∗ |
2 + σ2M
, (3)
for 1 ≤ k ≤ KM , 1 ≤ j ≤ NQ. Each macro-MT then chooses
its own best beam which achieves the largest SINR among
all beams, namely, j∗ = argmaxj(γM,k,j). The corresponding
SINR γM,k = γM,k,j∗ is called the best beam SINR of macro-
MT k. Each macro-MT then compares its best beam SINR with
its QoS requirement, denoted by ΓM . When its best beam SINR
is greater than ΓM , the macro-MT will feedback its best beam
index to request service on that beam.
e) The MBS then selects the beam among the best beams of
all qualified macro-MTs, such that the selected beam results in
the smallest cross-tier interference to the selected femto-cell MT
among all requested best beams. If only one macro-MT requests
this beam, it will be the selected MT. If more than one requests
it, the MBS randomly selects one of them in order to reduce the
complexity. For the scheduling fairness, as the selected beam for
macrocell is independent of the selected macro-MT, we argue that
all macro-MTs have equal chance to be selected, as long as their
reported best beam SINR is above the threshold ΓM .
We note that the proposed QACS scheme has low-complexity
in the following aspects: 1) No data or CSI, but only several
scalars, i.e., index in the predetermined codebook, are required
to be shared between cells. 2) All MTs estimate and feedback
are several scalars, while only the selected femto-MT needs to
estimate the interference channel, which is a vector, during the
overall scheduling procedure. 3) The proposed QACS schemes
is based on random beamforming, where no CSI feedback from
MTs is needed.
According to the aforementioned mode of operations, the
proposed QACS gives priority to femtocell, as indoor subscribers
usually require services with much higher speed [5]. If the MBS
cannot suppress its cross-tier interference to the femto-MT at an
acceptable level, it switches to another spectrum band to serve
its macro-MTs. On the other hand, the QACS is general enough
to apply in any two cells employing coordinated beamforming,
by treating one of them as master cell (femtocell in this paper),
while the other as slave cell (macrocell in this paper). Moreover,
if the fairness between macrocell and femtocell are needed, the
MBS and FAP can take turns to initiate the QACS.
In Section IV, we will carry out exact throughput analysis of
the HetNet under the proposed QACS. The ergodic capacity of
the femtocell and the macrocell are in general calculated as
RF =
∫
∞
0
r(γ)fγF (γ)dγ, RM =
∫
∞
0
r(γ)fγM (γ)dγ, (4)
with r(γ) = log2(1 + γ), where fγF (γ) and fγM (γ) represent
respectively the probability density function (PDF) of the selected
femto-MT’s and macro-MT’s SINR, which will be derived in the
following sections.
IV. THROUGHPUT ANALYSIS OF TWO-TIER HETNET UNDER
QACS
In this section, we analytically quantify the throughput of the
two-tier HetNet considered in Section II for the proposed QACS.
4A. Distribution of the Number of Qualified Beams NQ Guaran-
teeing Femto-MT’s QoS
With the proposed QACS, the number of qualified beams
that satisfy the femto-MT’s QoS requirement, is varying with
the fading channel condition. In particular, the selected femto-
MT will feedback the index of those beams of the MBS that,
if used in macro-cell transmission, will result in an acceptable
SINR value. Mathematical speaking, the beam j belonging to
the MBS’s codebook will be qualified if the corresponding SINR
of the selected macro-MT, given by
γF,j =
PFβF,k∗ |h
H
F,k∗wi∗ |
2
PMβM,k∗ |hHM,k∗fj |
2 + σ2F
=
xF
λF yF,j + µF
(5)
is greater than a fixed threshold, denoted by ΓF , which is pre-
determined based on a certain QoS requirement, for 1 ≤ j ≤ NM .
As a result, the number of qualified beams in macro-cell will be
random, depending on both hF,k∗ and hM,k∗ . In the following,
we first derive the probability mass function (PMF) of the number
of qualified beams NQ that satisfies the selected Femto-MT’s
QoS.
As |hHM,k∗fj |2 is a standard chi-square r.v. with two degrees
of freedom [19], the probability that γF,j given in (5) is greater
than ΓF conditioning on xF can be calculated as
Pr(γF,j ≥ ΓF
∣∣xF ) = ∫ xFΓF −µF
0
1
λF
e−y/λF dy = 1−e
−xF+µF ΓF
ΓF λF .
(6)
Since γF,j are independent of each other, the probability that the
number of qualified beams NQ is equal to n given xF is given
by
Pr(NQ = m
∣∣xF ) = (NM
m
)(
1− e
−xF+µF ΓF
ΓF λF
)m
·(
e
−xF+µF ΓF
ΓF λF
)N−m
. (7)
Finally, after unconditioning with the PDF of xF given in (11a)
and carrying out the integration, we obtain
Pr(NQ = m) =KFNF
(
NM
m
) m∑
i=0
(
m
i
)KFNF−1∑
j=0(
KFNF − 1
j
)
(−1)KFNF−1−j+m−i
e
µF
λF
(NM−i)
NM−i
λFΓF
+KFNF − j
.
(8)
B. Distribution of the MT and Beam selected by FAP
Based on the mode of operation of QACS, the SINR of the
selected femto-MT specializes to
γF =
PFβF,k∗ maxi,k |h
H
F,kwi|
2
PMβM,k∗yF + σ2F
=
xF
λF yF + µF
, (9)
where γF ≥ ΓF is required to be guaranteed. In order to obtain
the distribution of γF , we need to consider γF,j given in (5). In
(5), xF is the random variable (r.v.) denoting the largest NSNR
throughout all NF beams among all KF femto-MTs, which
mathematically turns out to be the largest one of NFKF i.i.d.
random variables (r.v.s), as all beams are ortho-normal [19] and
different MTs experience independent channels.
On the other hand, according to the mode of operations
described in Section IV, λF yF represents the smallest projection
power from the channel vector hM,k∗ onto the MBS’s best beam,
|hHM,k∗fj |
2
, 1 ≤ j ≤ NB among all NB best beams. It can be
shown that |hHM,k∗ fj |2, 1 ≤ j ≤ NB are truncated chi-square r.v.s
with two degrees of freedom [19]. The PDF of λF yF,j given xF
is given by
fλF yF,j (y
∣∣xF ) = 1λF e− yλF
Pr(γF,j ≥ ΓF
∣∣xF ) =
1
λF
e
−
y
λF
1− e
−xF+µF ΓF
ΓF λF
. (10)
We then obtain the PDF of xF as well as λF yF conditioning on
xF and the number of best beams NB , as [21]
fxF (x) = KFNF (1 − e
−x)KFNF−1e−x, (11a)
fλF yF (y
∣∣xF , NB = n) = nλF e− nyλF
1− e
−xF+µF ΓF
ΓF λF
, (11b)
for 1 ≤ n ≤ NB , respectively. When n = 0, i.e., no beams
is qualified, MBS is turned off at this spectrum band and the
selected femto-MT suffers from no cross-tier interference.
By combining fxF (x) and fλF yF (y
∣∣xF , NB = n), the PDF of
γF given NB = n is written as
fγF (γ
∣∣NB = n) = ∫ ∞
0
fλF yF (x/γ − µF
∣∣x,NB = n) ·
−x/γ2fxF (x)dx (12)
for 1 ≤ n ≤ NQ, which is numerically verified to converge using
mathematical software such as Maple and Mathematica. We then
have fγF (γ|NB = 0) = KFNF (1 − e
−
γ
µF )KFNF−1e
−
γ
µF for
n = 0.
C. Distribution of the Macro-MT’s SINR
The SINR of the selected macro-MT under the QACS can be
written as
γM =
PMαM,k∗ maxj |g
H
M,k∗fj |
2
PFαF,k∗ |gHF,k∗wi∗ |
2 + σ2M
, 1 ≤ j ≤ NQ, (13)
where γM ≥ ΓM is required to be guaranteed. In order to obtain
the distribution of γM , we need the following SINR expression
γM,k =
PMαM,kmaxj |g
H
M,kfj |
2
PFαF,k|gHF,kwi∗ |
2 + σ2M
=
xM,k
λM,kyM,k + µM,k
, (14)
for 1 ≤ k ≤ KM , which denotes the best beam SINR reported
at macro-MT k. We note that xM,k denotes the largest NSNR
among NQ qualified beams, which PDF is given by
fxM,k(x) = NQ(1 − e
−x)NQ−1e−x, (15)
while fλM,kyM,k(y) = 1λM,k e
−
y
λM,k
. By combining them to-
gether, the PDF and cumulative distribution function (CDF) of
γM,k can be obtained as
fγM,k(γ) = NQ
NQ−1∑
i=0
(
NQ − 1
i
)
e−(NQ−i)µM,kγ
λM,k
(−1)NQ−1−i
(
1 + µM,k[(NQ − i)γ +
1
λM,k
]
[(NQ − i)γ +
1
λM,k
]2
)
(16a)
5FγM,k(γ) = NQ
NQ−1∑
i=0
(
NQ − 1
i
)
µM,k
(NQ − i)λM,k
(−1)NQ−1−i
e−(NQ−i)µM,kγ
−(NQ − i)µM,kγ +
µM,k
λM,k
,(16b)
Based on fγM,k(γ) and FγM,k(γ), we can calculate the CDF and
PDF of γM conditioning on the number of qualified beams, NQ,
given KQ 6= 0, as
FγM (γ
∣∣NQ = m) = FγM,k(γ)− FγM,k(ΓM )
1− FγM,k(ΓM )
(17a)
fγM (γ
∣∣NQ = m) = fγM,k(γ)
1− FγM,k(ΓM )
, γ ≥ ΓM ,KQ 6= 0 (17b)
respectively. For KQ = 0, we simply have FγM , fγM (x
∣∣KQ =
0) = 0, since no MT is served in the macro-cell. Moreover, the
probability that KQ 6= 0 is obtained as
Pr(KQ 6= 0
∣∣NQ = m) =
KM∑
k=1
(
KM
k
)(
FγM,k(ΓM
∣∣NQ = m))KM−k(
1− FγM,k(ΓM
∣∣NQ = m))k . (18)
D. Distribution of the Number of Best Beams NB Requested by
Qualified macro-MTs
Before performing the resulting throughput analysis, we also
need the distribution of the number of best beams NB ≤ NQ re-
quested by KQ qualified macro-MTs. This term is useful because
the selected beam results in the smallest cross-tier interference
to the selected femto-cell MT, which has effect on the femto-
MT’s resulting throughput. In particular, For either NQ = 0 or
KQ = 0, we simply have NB = 0. For the more general case,
i.e., NQ,KQ 6= 0, the probability that exactly NB best beams
are active, given that NQ beams are qualified, is obtained as [21,
(15)]
Pr(NB = n
∣∣NQ = m) = (m
n
) n∑
i=1
(
n
i
)
(−1)n+i
[(
i
m
+
m− i
m
FγM,k(ΓM )
)KM
− (FγM,k(ΓM ))
KM
]
.(19)
By removing the condition, we have Pr(NB = n) =∑NM
m=1 Pr(NQ = m) Pr(NB = n
∣∣NQ = m), with Pr(NQ = m)
given in (8).
E. Throughput Analysis
Finally, by combining (12), (18), (8), and (17b) into (4), the
throughputs of the femtocell and the macrocell under the QACS
can be calculated as
RF =
NB∑
n=0
Pr(NB = n)
∫
∞
0
r(γ)fγF (γ
∣∣NB = n)dγ (20a)
RM =
NM∑
m=1
Pr(KQ 6= 0, NQ = m)
∫
∞
0
r(γ)fγM (γ
∣∣NQ = m)dγ,
(20b)
respectively. Final expressions, which are omitted here for brevity,
can readily be numerically evaluated using Maple and Mathemat-
ica.
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Fig. 3. Simulation scenario includes a macrocell with radius 1km, and a femtocell
with radius 20m dropped in the macrocell. There are KM = 50 macro-MTs and
KF = 5 femto-MTs uniformly distributed in their respective coverage. We have
PM = 50dBm at the NM = 4-antenna MBS and PF = 20dBm at the NF = 2-
antenna FAP. The path-loss model adopted in the rest of the paper follows that
in [5, Table II]. Two cases are considered: (Case I) the distance between MBS
and FAP is 100m and (Case II) the distance between MBS and FAP is 800m.
V. NUMERICAL EXAMPLES
In this section, we present selected numerical examples to
illustrate the mathematical formalism on the throughput analysis
for the proposed QACS. The analytical results derived in the
paper will all be verified through Monte-Carlo simulations. The
simulation scenario is depicted in Fig. 3. In Fig. 4, we depict
the femtocell/macrocell throughput as the function of the femto-
MT’s SINR requirement ΓF . The number of qualified beams at
the macrocell’s codebook that satisfy the QoS requirement of the
femto-MT’s QoS, NQ is also provided in Fig. 4 for reference. Ac-
cording to the figure, for both cases, the femtocell’s throughput is
increasing in ΓF , while the macro-cell’s throughput as well as NQ
are both decreasing. This is because when the QoS requirement
of the femto-MT increases, the FAP becomes more strict when
selecting the qualified beams for macrocell transmission, which
improves its own throughput, while suppressing the macrocell’s
throughput by reducing the number of candidate beams for
macrocell transmission. A further observation will be when the
FAP get closer to the MBS, cf. Case I, the proposed QACS is
more efficient to improve the femtocell throughput, at the expense
of reducing macrocell’s throughput. More precisely, in the region
of ΓF > 15dB, the macrocell’s throughput suffers dramatically.
In this case, the MBS may consider the communication on the
other spectrum band with less cross-tier interference.
Fig. 5 plots the femtocell/macrocell throughput and the number
of best beams requested by macro-MTs, NB as the function of the
macro-MT’s SINR requirement ΓM . The curves have manifested
very different behaviors compared with those in Fig. 4. In
particular, both the femtocell throughput and NB keep unchanged
covering a wide range of ΓM , while the macrocell throughput
slightly improves with the increasing ΓM . By comparing Case I
and II, we notice that with current parameters, macro-MTs are
not always able to achieve their target QoS when ΓM > 10dB in
Case I, while the threshold has been relaxed to ΓM > 20dB in
Case II, as the the interference from the FAP is negligible.
In Fig. 6, we compare the femtocell/macrocell throughput
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Fig. 4. Femtocell/Macrocell throughput versus femto-MT’s QoS requirement
ΓF for a system with ΓM = 10 dB.
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Fig. 5. Femtocell/Macrocell throughput versus macro-MT’s QoS requirement
ΓM for a system with ΓF = 20 dB.
achieved by the proposed QACS with traditional coordinated
beamforming without QoS consideration, cf. [7]. The resulting
throughputs are depicted as functions of transmit power level at
FAP and MBS, respectively. We observe from the figure that the
proposed QACS is able to satisfy QoS requirements for both
femtocell and macrocell, for any transmit power choice at MBS
and FAP, with the expense that the selected femto-MT needs to
determine KQ that satisfies ΓF , and each macro-MT needs to
determine if its best beam achieved SINR satisfies ΓM .
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